In 2010, rice growth and yield were compared between farmer's fields under different fertilization practices: application of rice straw and bran for 11 years (O-11), the same but for 2 years (O-2), and a combination of synthetic fertilizer and cow manure (F). With the daily maximum air temperature reaching 34.5 on average across the flowering period, the rice plants showed spikelet sterility at 5.5 , 14.5 , and 21.8 in O-11, O-2, and F fields, respectively. The lower spikelet sterility in O-11 could be attributed to the slower decrease in the SPAD value, which was realized by higher soil fertility in O-11. The slower decline in SPAD value in O-11 could also have helped the rice plants to maintain the fraction of imperfectly filled grain which was comparable or smaller (20.4 ) than that for F (28.9 ). The poor performance of the plants in O-2 (25.4 ) was ascribed to the earlier decline in SPAD value and commencement of lodging. Further studies are warranted into the mechanisms of reduced heat-induced yield loss under organic fertilizer management.
Introduction
The increasing number of extreme weather events and unforeseeable climatic variability has become a global concern. One of the most vulnerable sectors affected by the climatic changes is agriculture. Throughout history, human beings have adapted to climatic changes, but the current changes in temperatures, precipitation and weather pattern are the fastest in the human history (Lotze-Campen and Schellnhuber, 2009) . Yield losses of rice, the staple for more people than any other crop (Maclean et al., 2002) , due to climatic changes could not only incur economic damage but also threaten food security. Rice yield loss due to high temperatures has been observed in different parts of the world (Osada et al., 1973; Tarpley and Mohammed, 2009; Tian et al., 2009; Hasegawa, 2010) . The yield losses are caused by decreased number of spikelets, increased sterility, lower grain weight, lower grain-filling ratio and poorer grain quality (Kondo, 2009; Morita, 2009) . To mitigate the heat impacts, various adaptation measures have been suggested, e.g., planting heat-tolerant varieties, maintaining water flow to reduce temperature, adjusting crop calendar, and optimizing fertilizer application (Matsumura, 2005; Kondo, 2009; Hasegawa, 2010) . As previous studies demonstrate, applicability of adaptation measures are determined not merely by technical aspects but other aspects such as economic and environmental aspects (Belliveau et al., 2006; Easterling et al., 2007; Adger et al., 2009) . Among the adaptation options, fertilizer management has higher applicability since it is not confined by access to continuous supply of irrigated water nor popularity of new varieties in the market. Many field observations have shown that heat stress could be reduced through soil and fertilizer management (Matsumura, 2005 ; Ministry of Agriculture, Fisheries and Forestry [MAFF], 2006; Yoshizawa, 2011) , but little is known about the effects of organic fertilizer management on heat stress in rice plants. This research was conducted Short Paper to compare the rice yield losses due to high temperature in 2010 between organic and conventional fertilizer management methods and to explore the linkages between the yield losses and the growth characteristics under the different fertilizer management methods.
Materials and Methods

Research design
The research was conducted at farmer's fields in Sagawano, Nogi-town, Simotsuga-county, Tochigi prefecture, Japan (latitude 36°14'N, longitude 139°46'E) during the summer months from June to October in 2010. Figure 1 presents daily mean (a) and daily maximum (b) air temperatures recorded at the Oyama meteorological station by the Automated Meteorological Data Acquisition System (AMeDAS) of the Japan Meteorological Agency (JMA, 2011) in 2010 along with the 30 year mean temperatures for the period of 1981-2010. The meteorological station was located 12.5 km away from the research field, and the elevation differed by less than 20 m. The mean and maximum temperatures in 2010 were clearly higher than the 30-y means especially in July and August, when rice plants are sensitive to temperature anomalies. The mean temperature in July and August was higher in 2010 than the 30-y means by 2.94 and 3.05 , respectively, while the maximum temperature in July and August was higher in 2010 than the 30-y means by 3.66 and 3.70 , respectively.
Among the lowland paddies of Andosol soil, three Table 1 shows the nitrogen (N) input for each field. For the organic management practices, crop residues, e.g., rice straw and rice bran, were incorporated into the soil. Incorporation of spring weeds and autumn weeds might be another source of N supply, but their contribution to the N input is yet to be quantified. To avoid phosphorous deficiency, guano (Surya Guano, Asunaro Corporation Ltd.) was applied to the organic fields. As the change in soil fertility through organic matter incorporation takes several years (Tamaki et al., 2002; Kobayashi et al., 2007) , we chose two organic fields: a field with 11 year-organic management (O-11) and another with two years of experience (O-2). The field with the conventional practice (F) had the application of synthetic slow-release fertilizer (Super SR Coat M, Sumitomo Chemical Co., Ltd.) and cow manure ( Table  1 ). The total fertilizer input was decided according to the conventional practice in this area. The distance between the fields was approximately 750 m with little difference in the elevation. Apart from the fertilizer management, all the other cultural practices were kept identical. The rice cultivar was Koshihikari (Japonica), the most widely grown variety in Japan . No agrochemical agents were used to control pests, diseases or weeds at any field. Ground water was used for irrigation, and the water depth was kept at more than 5 cm after transplanting, while mid-summer drainage was not practiced. After heading, intermittent irrigation was practiced until about 10 days before harvest, and the field was drained thereafter.
Measurements
Changes in the number of tillers and plant height of 21 hills (triplicates of seven hills) were periodically recorded for each field. Plant height was measured from the base of the stem to tip of the upper most reaching leaf. SPAD values were also measured using chlorophyll meter equipment (SPAD-502Plus, Konica-Minolta Holdings, Inc.) since SPAD values are closely correlated to the N contents in the leaves (Takebe and Yoneyama, 1989) . Targeting the above 21 hills, SPAD values of the second fully expanded leaf were recorded avoiding the midvein (Mimoto et al., 1995) . The leaf area index (LAI) was measured by a light interceptometer (LAI-2000, Li-cor Inc.) in three randomly chosen plots for each field. Plant samples were harvested from the area of 1.0 m 2 with three replicates (36 hills in total) for each field at panicle initiation and physiological maturity stages. At heading, three hills were sampled from each field. The plant samples were oven-dried at 80 for more than 72 hours. During the ripening period, changes in SPAD values were tracked for the flag leaf, second leaf, third leaf, and forth leaf, counted from the top. The measurement was conducted three times: at heading, milky ripening, and dough ripening. Taking three hills with an average panicle number of the fields, crown root number per panicle was counted. . e Nitrogen content (2.0 ) was multiplied by the application amount and the efficiency index for cow manure (30 ).
At physiological maturity, yield and yield components were determined by rough grain weight from the area of 1.0 m 2 (12 hills) in which most plants exhibited the average number of hills. All panicles were counted and separated by hand-threshing. Grain yield and grain weight were expressed at 15 grain moisture content. Rough grain yield (unhusked) was the actual measured value including unfilled grain. Completely filled grain yield (unhusked) was calculated by multiplying the number of spikelets per unit area by the ripening ratio by individual grain weight. To select completely filled spikelets, a salt solution with a specific gravity of 1.06 was used (Matsushima, 1966) . Ripening ratio was determined by dividing the number of grains which sank by total grain number. Those which did not sink in the salt water were manually separated into sterile spikelets and partially filled spikelets (Satake and Yoshida, 1978) . Each spikelet was pressed between the thumb and forefinger to check if the grain was filled or not. Spikelet sterility ratio was calculated by dividing sterilized spikelet numbers by total grain spikelet numbers. Imperfectly filled grain ratio was determined by dividing the number of imperfectly filled spikelets by total grain spikelet numbers. Harvest index was calculated dividing rough grain yield by total above-ground weight. Soil samples were taken after harvesting rice in 2010 by using core sampler from plow layer (0-15 cm) at three sites in one experimental plot; three cores of soil samples were composited at each site. Mineralizable nitrogen was determined after 4-week and 10-week anaerobic incubation at 30 as the amount of NH4-N extracted with a final concentration of approximately 2 mol L -1 KCl solution.
Results
Plants reached heading at 57 DAT (Days After Transplanting) in O-11, 59 DAT in O-2, and 60 DAT in F fields. At physiological maturity at about 103 DAT in F and O-2 and 108 DAT in O-11, plants were harvested for sampling.
Plants elongated linearly in all the three fields ( Fig.  2a) . At 26 DAT, plants in F field became the tallest followed by those in O-2 and O-11. The trend continued through to heading, when the elongation stopped and no changes in plant height occurred thereafter. Lodging started at 70 DAT in O-2, and the lodging area expanded. In F, lodging took place and became wide-spread with the strong rain (20mm hr -1 ) at 85 DAT, whereas lodging in O-11 was limited at harvest. Initial tiller development was faster in F than other (Fig. 2b) (Fig. 2c) . SPAD value in O-11 continued to increase through to the panicle initiation stage (41 DAT) and remained high during the reproductive and ripening stages. LAI was highest in F throughout the crop life span (Fig. 2d) , and, at heading, LAI in F was about 1.5 times larger than that of O-11 and O-2. Initially at 26 DAT, LAI in O-11 was smaller than that in O-2, but it increased more rapidly during the late vegetative stage. The above-ground dry weight was heaviest in F followed by O-11 and O-2 (Table  2 ). This trend continued at the heading and harvest stages. The seasonal change in the SPAD value also differed between the fields (Table 3) . At heading, the average SPAD value of four leaves was highest in O-11 (43.0) followed by O-2 (40.0) and F (36.9). At dough ripening, average SPAD value in O-11 remained high at 37.8 in contrast to F (25.2) and O-2 (18.6). Decrease in SPAD value was greatest in O-2 as the second, third, and fourth leaves had SPAD values lower than 20.0 at dough ripening. As shown in Table 4 , O-11 had the highest number of crown roots per panicle at physiological maturity followed by O-2 and F.
Rough grain yield (unhusked) in O-11 and F was significantly higher than O-2 (Table 5 ). Completely filled grain yield (unhusked) was higher in O-11 followed by F and O-2. The harvest index was higher in O-11 than F (Table 5 ). Among the yield components, the number of panicles per area was significantly higher in F than O-11 and O-2 (Table 6) . No difference was found in either the number of spikelets per panicle or completely filled grain weight. The ripening ratio was 74.1 in O-11, which was higher than that for O-2 (60.1 ) and F (49.3 ). The fields were also different in the sterility ratio and the imperfectly filled grain ratio (Table 6) , which are the components of the unripened grains. The spikelet sterility ratio of O-11 was significantly lower in O-11 than O-2 and F. For the imperfectly filled grain ratio, O-11 was lower than O-2 and F, but the difference was not statistically significant (Table 6) .
The mineralizable N at 4 weeks and 10 weeks of anaerobic incubation was highest in O-11 followed by O-2 and F (Table 7) .
Discussion
Matsui (2009) summarized the finding in previous studies that maximum day temperature above 35 at flowering decreases fertility. In 2010, the summer temperature rose close to the threshold of sterility in the Kanto region and many other areas in Japan. In Tsukuba, Ibaraki prefecture, for example, observation at 68 fields showed spikelet sterility ratio of 11.0 on average and more than 20 in some fields (Hasegawa et al., 2011) . In the area of this study, average maximum temperature during the flowering stage rose to 34.5 , close to the threshold for sterility. The mean and maximum temperature in August were higher in 2010 than 2009 by 3.4 and 4.2 respectively. In 2009, under cooler climate, the ripening ratio for the field O-11 was 87.8 while the ratio in 2010 was 74.1 . Since the agronomic practices including fertilizer management and the cultivar used were identical for 2009 and 2010, the difference of the ripening ratio was most likely due to the high temperature in 2010. To the high temperature stress in 2010, rice plants responded differently between the studied fields with the sterility ratio being least affected in O-11. As the imperfectly filled grain ratio did not vary significantly among the research fields, the difference in the ripening ratio resulted mostly from the difference in the sterility ratio.
Growth characteristics
In O-11, the shoot development was slow during the early vegetative stage as observed in plant height, (Fig. 2) , whereas the root development in O-11 was not inferior to that in the other fields (Fig. 3) . Later in the vegetative stage, tiller development was increased in O-11, and, at heading, the number of tillers had come close to that in F. At physiological maturity, crown root number per panicle was larger in O-11 than F and O-2 (Table 4 ). The SPAD value was initially lowest in O-11 at 15 DAT and slowly increased (Fig. 2c) indicating slower N accumulation compared to O-2 and F. Thereafter, the SPAD value in O-11 surpassed those in F and O-2 and remained high during the reproductive and ripening stages. The slower decline in SPAD value in O-11 suggests that leaf N content was held higher in the field than other fields during the ripening period and that the smaller LAI (Fig. 2d) was to some extent compensated for by supplying photosynthate to grains.
The higher retention of leaf N during grain filling could have been supported by the greater mineralization of N in the soil of O-11 (Table 7) . Past studies have also shown that rice plants grown in soil with continuous organic matter application uptake more N in the period from panicle initiation to the ripening stage (Noji et al., 1993; Kobayashi et al., 2007; Miura, 2007) .
Possible impacts of growth characteristics on
spikelet sterility Spikelet sterility is induced by exposure to high temperature at the time of anthesis and the young microspore stage (Satake and Yoshida, 1978) . In these stages, high temperatures hinder seed-setting by affecting physiological processes: anther dehiscence, pollination, pollen germination on the stigma, and pollen tube growth (Krishnan et al., 2011) as well as viability and number of pollen grains (Prasad et al., 2006) . However, it is not the air temperature but the panicle temperature that induces the sterility, and the latter can deviate from the former substantially (Matsui et al., 2007; Weerakoon et al., 2008) . Matsui et al. (2007) reported that the panicle temperature was 6.8 lower than the air temperature under low humidity and strong transpirational cooling. Transpirational cooling is enhanced by a greater latent heat loss via faster gas exchange, which is associated with the higher chlorophyll content in the leaf blades (Wakiyama, 2002) . Ishihara et al. (1978) and Tsuno et al. (1991) also reported close connection between chlorophyll contents and stomatal aperture. High SPAD values in the leaves at heading in O-11 suggest higher chlorophyll contents and greater transpirational cooling via faster gas exchange.
The young microspore stage is also critical for a variety like Koshihikari with high temperature tolerance at anthesis (Matsui et al., 1997) . During the young microspore stage, floret sterility most likely occurs due to anomalous pollen germination on stigma (Satake and Yoshida, 1978) caused by lower viability and reduced number of pollen grains (Prasad et al., 2006) . As slow uptake of N has been reported to increase the number of engorged pollen grains and anther length compared to fast N uptake (Taki et al., 2008) , the slower N uptake in O-11 may have ameliorated heat stress. 4.3 Possible impacts of growth characteristics on grain filling High temperature damage on grain filling occurs when the air temperature exceeds 27.3 on average across the 20 days after heading (Takahashi, 2006) . In the present research, the mean air temperature reached 29.0 for that period. Indeed, the imperfectly filled grain ratio was 20.4 for O-11, which should be the major cause of the reduced ripening ratio (74.1 ) in 2010 as compared with that (87.8 ) in 2009. One of the major causes of the imperfect grain filling is impaired source ability, that is, insufficient supply of carbohydrate in the early and middle stages of kernel development (Nagato and Chaudhry, 1970) . Exposure to high temperature during these stages results in faster grain dry matter accumulation but for a shorter period ( Sato et al., 1973; Kobata et al., 2004; Takahashi, 2006) . Higher harvest index in O-11 (Table 5) shows that more assimilate supply was accumulated in grains relative to the above-ground biomass than in F and O-2. The low accumulation in filled grains in F despite the larger LAI indicates the hindered assimilate supply due presumably to the earlier decrease in SPAD value (Fig. 2c) . In O-2 (25.4 ), lodging started at 70 DAT, 11 days after heading. Lodging significantly reduces dry matter production and assimilated supply in the grains (Ebata and Yamada, 1977) . The fast decrease of SPAD value in O-2 (Fig. 2c ) also indicates lower photosynthesis ability during the ripening stage. However, in all the three fields, the imperfectly filled grain ratio exceeded 20 , and other processes such as sink capacity and translocation ability could have also caused the poor grain filling. Indeed, Yamakawa and Hakata (2010) reported that high temperatures impair enzyme activity and gene expression necessary for sucrose hydrolyses and starch synthesis in rice endosperm. Also, translocation of assimilate supply decreases under elevated temperatures resulting from early senescence of nucellar-epidermis (Iwasawa et al., 2002) . It is yet to be known if these processes are altered by the fertilizer management.
Concluding remarks
To reduce heat stress on rice production, fertilizer management is opted as an adaptation measure with higher applicability. In the present study, the research field with organic fertilizer management for 11 years showed low sterility ratio under high temperature. Growth characteristics realized by indigenous soil fertility of organic management might be effective in avoiding heat damage at seed setting through sustaining better nutritional condition during the critical stage. The research finding warrants further studies on the physiological mechanisms behind heat tolerance, which would facilitate further development of adaptation measures against heat stress.
